SUMMARY In a study of 17 patients with histologically proven Alzheimer's disease the relationship between psychological, pathological and chemical measures of disorder was examined. Severity of dementia, determined by mental test performance, correlated highly with pathological change in large cortical neurons (cell loss and reduction in nuclear and nucleolar volume and cytoplasmic RNA content), to a lesser extent with cortical senile plaque and neurofibrillary tangle frequency and reduction in acetylcholine (ACh) synthesis, and not with reduction in choline acetyltransferase (CAT) activity. A strongly significant relationship was demonstrated between cell loss and reductions in nuclear and nucleolar volume and cytoplasmic RNA content. Reduction in CAT activity and senile plaque frequency were significantly correlated, thereby linking changes in the sub-cortical projection system of the nucleus basalis with the cortical pathology. The pattern of correlations suggests that the dementia of Alzheimer's disease is largely a reflection of the state of largd cortical neurons, and it is argued that abnormalities in the latter may not be directly related to primary loss of cholinergic neurons in the subcortex.
Interest in pre-senile dementia has been re-awakened by the finding of several independent groups that in the cerebral cortex of patients with Alzheimer's disease there is a reduction in the activity of the enzyme choline acetyl-transferase (CAT) which catalyses the synthesis of acetylcholine (ACh).5-4
Post-synaptic muscarinic receptors are apparently not greatly affected,5 thus raising the possibility of therapy by the use of agents enhancing the activity of the cholinergic system. The implication of a cholinergic specific projection system to the cerebral cortex in the pathogenesis of Alzheimer's disease6 reinforces such a possibility. However, it cannot necessarily be inferred that deficiencies in cortical CAT activity reflect a reduced ability of the brain to synthesize ACh, and indeed the results of animal studies suggest that CAT may not be the rate limiting enzyme of ACh synthesis.7 Nevertheless, the concept that the cortical abnormalities of Alzheimer's disease might be secondary to a primary failure of subcortical projection systems to the cortex8 is attractive because of its theoretical and possibly therapeutic implications.
If it were the case that a cholinergic specific subcortical system is the sole or contributory cause of the psychological changes of Alzheimer's disease then consistent relationships ought to exist between measures of cholinergic activity, the nature and degree of pathological change in the cerebral cortex, and the severity of the dementia. In necropsy series of Alzheimer's disease in elderly subjects the relationship between CAT activity, the frequency of senile plaques and neurofibrillary tangles, and the degree of dementia have been studied,9-12 but the results have not been in uniform agreement.
The lack of consistency in reported correlations between the neurochemical, pathological and psychological measures in Alzheimer's disease may be partly attributable to methodological differences, the tendency for necropsy studies to include the very old and more severely advanced forms of the disease and for psychological measures to be made some time before pathological and biochemical examination of the brain. Moreover, the effects of terminal illness and postmortem change on the brain may introduce errors into neurochemical assays.
In the present study of patients with Alzheimer's disease in the presenium, psychological assessment provided measures of relative severity of dementia, 229 with which chemical and pathological indices of impairment could be compared. Cortical tissue from the right middle temporal gyrus permitted the neurochemical assay of CAT activity, and also the determination of ACh synthesis in cortical synaptosomes. In addition to the pathological measurement of neurofibrillary tangle In all patients impaired memory was a prominent feature. No patient could give the correct date, nor retain a name and address over a one minute interval. In two male patients amnesia was the sole deficit, whereas in others disturbance of perceptuo-spatial and constructional abilities was evident. These patients had difficulty dressing and had become lost in familiar surroundings. Examination revealed difficulty in drawing, in copying hand configurations and calculation. Location and spatial orientation of objects and body parts was generally more severely affected than was perceptual discrimination and identification of objects.
In 10 patients amnesia and visuo-spatial disorder were combined with language disturbance. Speech characteristically was fluent, although output was reduced. Paraphasic errors were noted. Impairment of comprehension, repetition and naming, and also of reading, writing and communication by gesture and pantomime were also evident.
In contrast to profound cognitive difficulties, social conduct was well preserved. There was generally some retention of insight, which appeared inversely proportional to the degree of amnesia. Anxiety and querulousness were common but psychotic symptoms were absent at referral.
Neurological signs of mild degree were observed in a proportion of patients and consisted of akinesia and rigidity, defective tactile localisation and postural awareness.
Electro-encephalograms were abnormal in all patients, with excess slow wave activity, maximal fronto-anteriorly with the emphasis over the temporal lobes. Pathological-biochemical correlates Reduction in CAT activity correlated significantly with increased senile plaque frequency and to a lesser degree neurofibrillary tangle frequency (table 5) . Reduction in ACh synthesis was not related to plaque or tangle frequency. Although reductions in both CAT activity and ACh synthesis correlated with loss of pyramidal cells there was not a consistent relationship between biochemical and "perikaryal" measures of disorder. Significant correlations were found only between measures of ACh synthesis and percentage reductions in nuclear and nucleolar volume in layer V. Relationship between duration ofsymptoms and psychological, pathological and chemical measures of disease severity There were no significant correlations between the length of illness and severity of disorder, as measured by psychological, pathological and chemical indices.
Discussion
The relationship between psychological, pathological and chemical indices of disease has been examined in a group of 17 patients with Alzheimer's disease who shared common pathological and biochemical changes in the cerebral cortex. In accordance with the prediction that increased severity in terms of one index would correspond to increased severity in terms of another, all correlation coefficients were in this predicted direction. The strongest and most consistent correlations were found between psychological performance and the degree of change within large cortical neurons, namely cell loss and reductions in nuclear and nucleolar volume and cytoplasmic RNA content. Other neuropathological measures, the frequency of senile plaques and neurofibrillary tangles showed only weak correlations with psychological measures, coefficients tending nevertheless to be higher for tangle than for plaque frequency. The degree of reduction in ACh synthesis was significantly correlated with the extent of cognitive impairment as indexed by the clinical rating scale and visual reaction time test performance, but not with other measures of psychological performance. Reduction in ACh synthesis correlated also with nuclear and nucleolar volume in layer V and with measures of cell loss, but not with the frequency of senile plaques and neurofibrillary tangles. In contrast, the extent of reduction of CAT activity correlated with both plaque and tangle fre-, quency, the correlation with plaques being the stronger. CAT activity showed no significant correlation however with the degree of cognitive impairment, nor with measures of perikaryal function. The weak relationship demonstrated in the present study between neurofibrillary tangle frequency and severity of dementia contrasts with the highly significant correlation between tangle count in the temporal lobe and degree of dementia reported by others in elderly Alzheimer's disease patients.1' It is noteworthy however that in this latter study statistical analysis included non-demented patients, in whom neurofibrillary tangles were absent. Higher levels of significance would therefore be expected, since they reflect the fact that the presence of dementia is associated with the presence of neurofibrillary tangles, and are not simply a measure of the relationship between severity of tangles and dementia.
The lack of evidence for a strong relationship between plaque frequency and severity of dementia observed in the present study confirms previous reports derived from necropsy studies."'920 It has been suggested9 that a threshold effect may underlie the finding of a non-significant relationship, whereby increases in severity of dementia may cease to be detected despite continuing increases in plaque formation. Whilst this argument might apply to necropsy studies, in which dementia is likely to be advanced at the time of clinical evaluation of patients, it can less easily account for the present findings, since the study group encompassed a wide range of patient severity.
Moreover, a threshold effect in the clinical measurement of dementia, resulting in poor discrimination between patients, would be expected also to affect correlations with "perikaryal" measures where strong and consistent relationships were found.
The presence of "perikaryal" changes in It might be argued that the abnormalities within cortical neurons in Alzheimer's disease are simply secondary manifestations of impaired afferent pathways from areas such as basal forebrain nuclei, locus coeruleus and raphe nuclei (see Mann et a124 for review). If this were so then a strong relationship might have been predicted between changes in nuclear volume and changes in both nucleolar volume and RNA content, the three measures simply reflecting a generalised slowing of metabolic processes stemming from failing synaptic contacts. However, weak relationships only were demonstrated, suggesting that a decreased nuclear volume, and by implication a reduced mRNA output from the nucleus may precede, or proceed independently from, the changes in nucleolar volume and cytoplasmic RNA content.
The reductions in ACh synthesis and CAT activity in the present study probably reflect a functional loss of cholinergic nerve endings in the cortex and are in keeping with the reports of reductions in choline uptake.2526 Given the absence of a strong and consistent relationship between cholinergic markers and the changes in large cortical neurons (that is neurofibrillary tangle frequency and perikaryal disorder), it cannot be argued that the cortical changes of Alzheimer's disease are necessarily secondary to a primary subcortical disorder. Moreover, the possibility exists that subcortical change is secondary and retrograde to primary changes in the cortex. However, ACh is not the only major neurotransmitter known to be implicated in Alzheimer's disease. However, the finding in the present study of a strong correlation between the degree of dementia and the degenerative changes in large cortical neurons suggests that important abnormalities are present in the cortex as well as the subcortex, and the relationship between the two may be primary, secondary or may co-exist in parallel. It is of interest, for example, that in addition to the loss of large cortical neurons, significant loss of large neurons in the nucleus basalis, locus coeruleus and raphe has been observed,624 and furthermore that the presence of neurofibrillary tangles was observed within these subcortical cells. The possibility exists therefore that a fundamental and possibly common abnormality in large cortical and subcortical cells underlies the pathogenesis of Alzheimer's disease. The characterisation of such neurons must be the task of further studies.
